in seeds with different ratios of embryo and endosperm in the mature seed.
Radial plant growth
Nina Tonn and Thomas Greb* One of the extraordinary features of plants is their growth capacity. Depending on the species and the environment, body forms are manifold and, at the same time, constantly reshaped. An important basis of this plastic variation and life-long accumulation of biomass is radial growth. Here, we use this term to describe the ability to grow in girth by the formation of wood, bast and cork. The more technical term for radial growth is secondary growth, which distinguishes the process from primary growth taking place at the tips of stems and roots during plant elongation.
After reaching a certain size, most plants start producing wood at the periphery of their organs, which transports water and nutrients and is also essential to support the increasing body weight. At the same time, bast is produced, which transports sugars and growth hormones throughout the entire body. As a protective tissue, cork prevents water loss, microbial infections and physical damage. Illustrating the impact of radial growth on plant performance, there are distinct examples having even a world-wide reputation. The 'Hyperion' redwood in Northern California is, at 115 m tall, one of the record holders in organismal height; the trunk girth of the ‹Árbol del Tule› in Mexico is 11 m; and the age of the Great Basin bristlecone pine in the White Mountains of California is around 5000 years. On the cellular level, all these huge and long-lasting structures derive from radial growth, and seemingly non-impressive tissues running through stems and roots -the vascular and the cork cambium.
In this Primer, we highlight the evolutionary history of radial plant growth, which underlines the urgent need for plants to be able to modulate long-distance transport capacities throughout their whole life cycle. We explain how the vascular Primer cambium determines this growth process and why earlier cambial systems may have disappeared during evolution. We also give examples for the diversity of plant growth forms due to variation in cambium activity, and provide a brief insight into the molecular players regulating fundamental aspects of cambium-derived tissue production. A short glimpse on the importance of the process for our daily life concludes this overview.
The invention of a new skill
Nowadays, most plants grow radially throughout their entire life. It has been proposed that the evolution of radial growth began during the Early Devonian (~400 Mya), supporting the transition from sea to land (Figure 1 ). Long-distance transport of water and nutrients and mechanical stability in a gaseous environment were only a few of the many challenges to be faced during this transition. Some extant land plants -including liverworts, hornworts and mosses (bryophytes) -still exclusively rely on primary growth and, in this respect, resemble the fi rst land plants. Fossils indicate that those plants had one central strand of water-conducting tissue which was notably small compared with the diameter of the whole organ. They also formed only very simple water-conducting cells with smooth, thickened cell walls and pores, as found in hydroids of today's bryophytes. Hydroids are elongated, dead cells often located in the centre of organs, which lack the more sophisticated cell-wall structure of modern vascular elements. They also do not deposit lignin, a hydrophobic polymer providing resistance against compression and microbial decomposition in cell walls of higher plants. Consequently, body stability of early land plants was predominantly based on turgor pressure of parenchymatous cells rather than on cell wall rigidity on its own. Furthermore, since roots did not yet exist, anchorage was rather poor and uptake of water and nutrients was achieved by simple structures named rhizoids. Other features present in modern land plants were likewise missing, including stomata as specialized structures for gas Current Biology 27, R853-R909, September 11, 2017 R879 exchange, and a cuticle or cuticle-like layers to prevent desiccation.
More specialized vascular elements belong to a whole spectrum of inventions that gave rise to land plants as we picture them today. Cell wall structures in hydroids of advanced bryophytes already resemble those of tracheary elements in modern vascular plants (eutracheophytes), and thus seem to represent a transition stage. The need for efficient and longdistance water conductance likely fostered the evolution of transport cells with a larger diameter and the capability to withstand hydraulic pressure, the woody tracheids. Importantly, tracheids provide both water conduction and mechanical support, even under desiccating conditions. These properties are based on lignified cell walls, which thicken after cell elongation has ceased, and which are disrupted by pits allowing passive water flow along files of tracheids. Tracheids are most commonly found in gymnosperms, more basal eutracheophytes, which include all the conifers and cycads (Figure 1) .
From there, it seems as if the next evolutionary breakthrough of woody cells was a separation of tasks. In the more recently evolved fl owering plants (angiosperms) water transport is primarily performed by vessel elements, large tube-like cell remnants connected by perforation plates. The layout of those plates is highly diverse and variable, but in principle, those plates are collections of openings in cell walls between adjacent elements. Therefore, they provide a more effi cient water fl ow compared with the pits found in tracheids. At the same time, mechanical support in angiosperms is provided by fi bre cells, which resemble woody tracheids, with a major difference in that they do not develop pits.
Information on early sugartransporting tissues is scarce due to their softer outline, which often hampers fossilization. In addition to hydroids, however, bryophytes carry elongated sugar-transporting cells with partly degraded cytoplasm, called leptoids. Leptoid morphology already resembles sieve elements, the sugar and signalling moleculetransporting elements in the bast of vascular plants. This similarity suggests that the evolutionary path was relatively short in this case. Sieve elements are, however, even more specialized than leptoids because they fully degrade organelles like plastids and the nucleus, and are controlled by tightly associated companion cells. Thus, there is a clear evolutionary trend for establishing more and more specialized cell types within vascular tissues, enhancing effi ciency in individual aspects of long-distance transport and mechanical support.
By inventing the capacity to continuously produce all these specialized elements along their bodies, land plants could inevitably occupy new ecological niches and respond to environmental changes by modulating transport capacities and mechanical stability on demand. Of note, along with the capacity to generate large and robust structures came longevity, which reduced the need to reproduce frequently in an ever-changing environment. The huge advantage to establish these skills is indicated by the independent evolution of radial growth in multiple plant lineages, and by the vast amount of variation in anatomy and functions within today's secondary vascular tissues.
The vascular cambium is responsible for radial growth
Most vascular plants grow radially by a set of stem cell-like tissues organized in concentric cylinders at the organ peripheries ( Figure 2 ). As the most central of those tissues, the vascular cambium produces wood (xylem) and bast (phloem) in opposite directions, usually with xylem toward the centre and phloem toward the organ periphery. This bifacial, or bidirectional, mode of tissue production is performed by one or a few layers of stem cells (initials). Although classifi cation of undifferentiated cambium cells is still a rather theoretical exercise, these stem cells may give rise to more rapidly proliferating derivatives called xylem and phloem mother cells by periclinal (parallel to the organ surface) cell divisions.
In most woody species, cambium initials can, however, be subdivided into two different types based on their shape and their products -small, isodiametric ray initials, which give rise R880 Current Biology 27, R853-R909, September 11, 2017
to radially oriented parenchymatous rays, and longitudinally elongated fusiform initials, which lead to the formation of secondary xylem and phloem. As indicated above, xylem is usually composed of tracheary elements (tracheids, vessels), fi bres and parenchyma cells, and the phloem consists largely of enucleated sieve tubes, adjacent companion cells and, again, parenchyma cells. While initials form secondary vasculature by dividing periclinally, more initials are produced by anticlinal (perpendicular to the organ surface) cell division while the circumference of the cambial zone increases ( Figure 2 ). As an obvious example for developmental plasticity, the vascular cambium responds to and anticipates seasonal changes in water availability, day length or temperature, and adjusts the formation of secondary vasculature accordingly. For example, in spring/summer of temperate regions, the cambium is often highly active and produces tracheary elements with a large lumen ('earlywood'); in fall, cell lumen is smaller, and the rate of cell division decreases ('latewood'); in winter, the cambium is dormant. The oscillation between earlywood and latewood production is refl ected in the familiar formation of annual rings in the wood of temperate trees. Independent evolution of radial growth in several plant lineages seems to have resulted in distinct modes to produce secondary vascular tissues during the Carboniferous period (~360-300 Mya). It is argued that early vascular plants, such as clubmosses (lycophytes) or basal ferns, carried in some cases a unifacial vascular cambium producing only xylem toward the organ centre (Figure 1 ). This was suffi cient to establish tree-like species, which are nowadays extinct but largely contributed to the deposition of today's fossil fuels. Possibly, anticlinal cell divisions of cambium initials were also absent, and initials could not be replenished during organ expansion, which limited the capacity to grow in girth.
Furthermore, plants carrying a unifacial cambium may have gone through distinct stages in their life cycle to cope with these restrictions. First, during an early stage, the main function of radial growth was to establish large root networks for suffi cient water uptake. Then, at a late stage and prior to releasing spores, stems rapidly grew upright. In other words, tree-like clubmosses or ferns may have lived for most of their life in the form of tree stubs instead of growing tall. It has further been reasoned that, without tissues produced toward the organ periphery, the unifacial cambium was more exposed to harmful radiation or herbivores compared with a bifacial cambium. In one way or another, the developmental fl exibility of a unifacial cambium was potentially limited, a disadvantage which may have contributed to the extinction of these plants.
Interestingly, however, quillworts (Isoetes), an inconspicuous group among today's lycophytes, grow radially by a bifacial cambium, raising the question of whether this is a case of convergent evolution compared with modern seed plants. Alternatively, it is possible that a bifacial mode of tissue production always was a common mode that is not obvious in some fossils due to the fast decomposition of softer tissues. Some of the oldest fossils showing radial growth indicate at least the presence of anticlinal cell divisions immediately after the invention of this trait, demonstrating that important features of modern radial growth have a long history.
As today's vascular plants grow radially, increase in circumference eventually breaks the epidermis of stems and roots. To allow radial expansion of the organ boundary, individual cells scattered throughout the outer layer transdifferentiate to form the cork cambium. The production of impregnated cork tissue substitutes the primary epidermis with a secondary epidermis (periderm), thereby contributing to the enlargement of girth and protecting the plant from water loss, further damage and infections (Figure 2) . Together, vascular and cork cambium contribute to radial growth in most land plants. Figure 2 . The vascular cambium is essential for radial growth.
Radial growth is diverse
Thickening of vascular plants is regulated by stem cell-like tissues, including the vascular and the cork cambium organized in concentric cylinders. The schematic cross-section illustrates how the vascular cambium produces wood (secondary xylem) toward the inside, and bast (secondary phloem) toward the outside. Additionally, the cork cambium produces phelloderm inwards and cork outwards, thereby replacing the primary epidermis. Production of secondary vasculature is performed by cambium initials (CIs) in the centre of the cambial zone. By periclinal cell divisions, they give rise to still proliferating derivatives differentiating into xylem or phloem. As illustrated, xylem is usually composed of tracheary elements (tracheids, vessel elements, T), fi bres (XF) and parenchyma cells (XP). Phloem cells include enucleated sieve elements (SEs), adjacent companion cells (CC) and parenchyma cells (PP). Additionally, the formation of phloem fi bres (PF) is found in many species. More initials are produced by anticlinal cell division during the increase of the circumference of the cambial zone.
Current Biology 27, R853-R909, September 11, 2017 R881 example, more conventional and anomalous radial growth is found even within the same angiosperm clades. One aspect of variation includes the xylem/phloem ratio. In some lianas (Bignonieae), xylem production toward the centre is attenuated in comparison with peripheral phloem production in several sectors along the cambial zone. As a result, arcs or wedges of phloem are developed within furrows of xylem. From an evolutionary perspective, generating phloem wedges within secondary xylem may provide more physical fl exibility and facilitate the climbing habit of lianas. Moreover, phloem wedges are not composed only of dead sieve elements, but are also associated with plenty of living parenchyma cells. Those cells could be essential for mediating responses to tissue injuries, and thus aid lianas in recovering from mechanical wounding.
Another example for anomalies in radial growth is the occurrence of multiple, successive cambia, each producing wood and bast individually. This is often found in caryophyllales, a clade of fl owering plants that includes cacti and beets. With regard to evolutionary advantages, organs with successive cambia often form large amounts of parenchyma, cells serving as a 'storage room' for carbohydrates or water. One familiar example harbouring agricultural relevance is sugar beet (Beta vulgaris), which forms large sugar-storing parenchyma cells between successive cambia in the root. The clade of lianas also include an unusually high number of species with successive cambia. This observation suggests that in addition to providing capacities for storage, there are mechanical advantages of xylem vessels sheathed by phloem cells, such as increased resistance against tensile forces.
As a remarkable exception to the rule, radial growth has been lost in one major group of fl owering plants, the monocotyledonous species, which includes all the grasses (Figure 1 ). Whether this was promoted by an almost exclusively annual life cycle of species within this group or by a major change in shoot and root anatomy is unclear. Interestingly, however, radial growth has been reinvented as a secondary trait within some monocots like Dracaena or Yucca species ( Figure  1) . In those groups, a cambium-like tissue (monocot cambium) does not deliver xylem and phloem in a strictly bifacial manner, but produces whole vascular bundles embedded in parenchyma cells toward the organ centre. Parenchyma or cortex cells are produced toward the organ periphery, meaning that we also fi nd a bifacial mode of tissue production in these cases. Interestingly, recent transcriptome analyses indicate that molecular networks regulating the vascular cambium were reused during the establishment of the monocot cambium. For the sake of completeness, the thickening mode of Dracaena or Yucca species has to be distinguished from the mode of palm trees, which also belong to the monocots. In that case, tissue proliferation happens exclusively right below the shoot tip in a rather diffuse region, the reason why this mode is classifi ed as primary thickening.
How to regulate a complex growth process?
Species-specifi c differences in radial growth are most likely caused by the modulation of developmental programs determining cambium polarity and cell fate decisions. Populus trichocarpa (black cottonwood) and Arabidopsis thaliana (thale cress) are two important woody and herbaceous plant models, respectively, which have been used for revealing the fi rst principles. These efforts revealed that the vascular cambium is, at least partly, controlled by two families of transcription factors also regulating organ polarity as a whole. KANADI factors are expressed in peripheral (abaxial) organ domains including phloem cells. Here, they dampen the transport of the plant hormone auxin by counteracting the expression of the auxin transporter PIN-FORMED1 (PIN1). In contrast, class III HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III) genes are expressed in central (adaxial) organ domains, where they stimulate xylem differentiation. Together, KANADI and class III HD-ZIP transcription factors seem to restrict a central cambium domain with high levels of auxin and active auxin transport, which is characteristic for cambium initials. Thereby, both families may contribute to the recruitment of cells produced by cambium initials to phloem or xylem cells.
Throughout their life, plants need to maintain stem-cell identity and regulate tissue production in the cambial zone. In addition to the hormones mentioned above, tightly controlled peptide ligand-receptor modules are important to control these processes. Positional cues to ensure cambium activity include nonoverlapping localisations of ligand production and receptor expression. In both Arabidopsis and Populus, Several plant hormones, including auxin, cytokinin and gibberellin, are known to regulate tissue production in the cambial zone. For example, a mutual inhibitory interaction between the signalling output of auxin and cytokinin is essential for patterning of vascular bundles during primary growth. It is therefore expected that such an interaction is also a key element during the formation of secondary vascular tissues. In fact, direct measurements in trees revealed maxima of hormone levels in distinct cambium domains: auxin in cambium initials, cytokinin in the developing phloem, and gibberellin in the developing xylem. Whereas auxin and cytokinin are predominantly associated with cambium proliferation, gibberellin mainly promotes differentiation of xylem elements including tracheids, vessels and fi bres. Interestingly, by modulating auxin responsiveness of cambium cells, plants integrate external cues and adjust radial growth in response to seasonal and environmental changes.
Outlook
Radial growth represents a major invention during the evolution of higher plants and contributes substantially to today's phenotypic diversity among species. Moreover, beyond wood or cork formation in trees, the performance of important non-seed-and non-fruit-based crop species depends directly on primary or secondary thickening.
Examples for those are potatoes, sugar and red beet, cassava and carrots, among other vegetables (Figure 3) . Therefore, it is fascinating and highly desirable to reveal the molecular setup of regulatory circuits regulating radial growth in species other than the models mentioned in this text. Not only will cases of convergent evolution of radial growth reveal regulatory constraints and possible solutions to a common developmental problem. The establishment of tools for balancing plant elongation and thickening and for influencing vascular patterning will also have an immense agricultural value. The availability of novel genomic tools and emerging research activities using more basal plant lineages are a great promise in this context.
